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Abstract:  Recent  clinical  studies  on  human  skin  indicated  that  in  vivo 
multi-harmonic  generation  microscopy  (HGM)  can  achieve  sub-micron 
resolution for histopathological analysis with a high penetration depth and 
leave no energy or photodamages in the interacted tissues. It is thus highly 
desired to apply HGM for in vivo mucosa histopathological diagnosis. In 
this paper, the first in vivo optical virtual biopsy of human oral mucosa by 
using  epi-HGM  is  demonstrated.  We  modified  an  upright  microscope  to 
rotate  the  angle  of  objective  for  in  vivo  observation.  Our  clinical  study 
reveals the capability of HGM to in vivo image cell distributions in human 
oral  mucosa,  including  epithelium  and  lamina  propria  with  a  high 
penetration depth greater than 280  m and a high spatial resolution better 
than  500  nm.  We  also  found  that  the  third-harmonic-generation  (THG) 
contrast on nucleus depends strongly on its thicknesses, in agreement with a 
numerical  simulation.  Besides,  4%  acetic  acid  was  found  to  be  able  to 
enhance  the  THG  contrast  of  nucleus  in  oral  mucosa,  while  such 
enhancement  was  found  to  decay  due  to  the  metabolic  clearance  of  the 
contrast enhancer by the oral mucosa. Our clinical study indicated that, the 
combined epi-THG and epi-second-harmonic-generation (SHG) microscopy 
is a promising imaging tool for in vivo noninvasive optical virtual biopsy 
and disease diagnosis in human mucosa. 
©2011 Optical Society of America 
OCIS  codes:  (180.6900)  Three-dimensional  microscopy;  (180.5810)  Scanning  microscopy; 
(190.4160) Multiharmonic generation. 
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1. Introduction 
Abnormalities in oral mucosa lead to precancerous or even cancerous lesions. Early disease 
diagnosis and intervention are essential for the clinical success. Physical biopsy is currently 
the  gold  standard  for  diagnosing  oral  mucosal  abnormalities.  However,  the  invasive  and 
painful biopsy procedure does not always predict the clinical outcome of the disease. The 
biopsy process is often uncomfortable and exposes patients to a wide spectrum of potential 
risks  and  complications  such  as  tissue  trauma,  bleeding,  and  spreading  of  cancer  cells. 
Besides, the sampled slice of tissue may not represent the worst part of the whole lesion and 
may lead to underestimation of the disease progression [1,2], and result in poor treatment 
outcome. It is therefore desirable to develop non-invasive imaging tools with a capability of 
histopathological analysis to assist the clinical diagnosis, not to mention that during the early 
disease stage, physical biopsy is usually not recommended. 
With recent advancement in optronics, two optical imaging modalities have demonstrated 
their capability to be able to provide in vivo structural information in  human oral cavity, 
including optical coherent tomography (OCT) [3–5] and reflectance confocal microscopy [6–
8].  However,  these  in  vivo  modalities  cannot  provide  sub-micron  spatial  resolution  for 
accurate  pathological  cellular  structure  analysis.  Non-linear  imaging  techniques,  including 
multi-photon fluorescence [9,10] and higher harmonic generation microscopy (HGM) [11], 
have been previously applied to image hamster oral mucosa in vivo with a sub-micron spatial 
resolution.  However,  the  laser  power  applying  in  multi-photon  fluorescence  microscopy 
should be considered for safety as described in Hopt’s report [12]. On the other hand, recent 
embryo viability studies of HGM indicated its unique capability to meet high safety standard 
[13–18], while this high safety standard was further confirmed in clinical in vivo human skin 
studies [18,19]. It is thus highly desirable to extend this new modality for human oral mucosa 
imaging in vivo. 
In this paper, the first in vivo optical virtual biopsy of human oral mucosa based on epi-
HGM is demonstrated. We combined a modified upright laser scanning microscope system 
with  a  rotatable  objective  to  facilitate  the  clinical  study.  Utilizing  epi-third-harmonic-
generation  (THG)  and  epi-second-harmonic-generation  (SHG)  signals,  the  microscopic 
cellular and subcellular structures of epithelium and lamina propria in human oral mucosa can 
be obtained without fluorescence signals, with a lateral spatial resolution better than 500 nm 
even at 280  m beneath the surface. The histological information including the sizes, shapes, 
and distributions of epithelial cells and the moving erythrocytes in the capillary were provided 
by epi-THG signals. SHG revealed the structure and distribution of the collagen fibers in 
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lateral resolution and a deeper penetration depth in human oral mucosa can be found. Besides, 
we followed the approach of Schins et al. [20] to numerically simulate the thickness- and χ
(3)-
dependencies of THG intensities in cell nuclei. We reported our finding that the THG contrast 
on epithelial nucleus is strongly influenced by its thickness. In order to further enhance the 
THG contrast of nucleus in oral mucosa, we applied acetic acid to human oral mucosa. The 
THG enhancement of nuclear border can be observed, while the THG enhancement in nucleus 
border degraded due to the metabolic clearance of the contrast enhancer in oral mucosa. The 
image acquisition process was performed under the informed consent, which was reviewed 
and approved by the National Taiwan University Hospital Ethics Committee. No damage was 
reported in this clinical study. Our study indicates a high potential of HGM for non-invasive 
in vivo disease diagnosis, classification, and staging in human oral mucosa. 
2. Materials and Methods 
2.1. In Vivo Harmonic Generation Microscope 
The in vivo harmonic generation biopsy system is shown in Fig. 1. A home-built Cr:forsterite 
laser operating at 1230 nm was used to observe the tissues [21,22]. This excitation wavelength 
enables minimal light attenuation in biological mucosa tissues [23] and the SHG and THG can 
be generated to fall within the visible spectrum range for deep tissue signal detection [24]. 
Average excitation power after the objective was around but slightly less than 100 mW. As 
shown  in  Fig.  1(a),  the  collimated  laser  beam  was  scanned  by  a  pair  of  high-speed 
galvanometer  mirrors  (Olympus,  Flouview  300)  and  focused  by  an  IR  water  immersion 
objective  (Olympus,  UPlanApo/60X/NA1.2/Working  distance  280   m).  The  frame  rate  of 
Fluoview 300  was about two frames per second  with 512 × 512 pixels per frame. Three 
dimensional HGM images can be acquired by using a z-motor to change the tissue stabilizer 
position along the light propagation axis so that the relative position between the objective 
and the tissue surface can be controlled. Different imaging depths can thus be achieved. 
Connected with the z-motor, oral tissues were immobilized by a magnetic cup stabilizer or 
a vacuum cup stabilizer as shown in the inset of Fig. 1(a). The stabilizer helps to hold the 
distance between the microscope z-motor and volunteer's oral mucosa. A vacuum cup was 
designed  to  suck  the  oral  mucosa  nearby  the  imaging  window.  The  imaging  window  is 
surrounded by a circular intaglio and a duct is drilled through the cup to connect the circular 
intaglio to a vacuum pump. Oral mucosa nearby can thus be sucked and stabilized when the 
vacuum pump starts to pump out air. The magnetic cup is surrounded by a circular intaglio 
with a circular magnet. For the magnetic cup, it was attached to the oral mucosa and we used 
another magnet in the opposite of oral mucosa to stabilize it. These setups are suitable for 
comfortable imaging of the subject for more than ten minutes. 
Figure 1(b) is the schematic diagram of the rotatable system. SHG and THG signals were 
divided by a beamsplitter and guided into two PMTs (photomultiplier tube). We modified an 
upright  microscope  (Olympus,  BX51)  with  a  rotatable  arm,  which  enabled  more  flexible 
adjustment of the objective to adapt the volunteer’s oral vestibule [see Fig. 1(c)]. Sequences 
of multi-harmonic sections were taken from the top surface of the epithelium down to the 
underlying lamina propria. 
2.2. Subjects 
This clinical study included five healthy volunteers and their demographics information 
are as following:  V1 (female, 28 years old,  Asian), V2 (female, 26  year old, Asian), V3 
(female, 25 years old, Asian), V4 (female, 27 years old, Asian), and V5 (female, 22 years old, 
Asian).  The  image  acquisition  process  was  performed  under  the  informed  consent.  The 
protocol  was  reviewed  and  approved  by  the  National  Taiwan  University  Hospital  Ethics 
Committee (NTUH IRB, 200806021D). 
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Fig. 1. In vivo harmonic generation biopsy system. (a) Photograph of the optical virtual biopsy 
system. The illumination source was a Cr:forsterite laser. The collimated laser beam performed 
a 2D scan by a pair of fast galvanometer mirrors and PMT (photomultiplier tube) recorded the 
harmonic signals. A z-motor changed the tissue stabilizer (magnetic cup and vacuum cup) 
position along the light propagation axis so that the relative position between the objective and 
the  tissue  surface  can be  controlled.  (b,  c)  A  schematic  diagram and  a  photograph  of  the 
rotatable system. SHG and THG signals were divided by a beamsplitter and guided into two 
PMTs.  The  objective  of  the  imaging  system  was  fixed  on  a  rotatable  arm  to  adapt  the 
volunteer’s oral cavity. 
2.3. Damage Evaluation 
Current  ANSI  laser  standards  do  not  provide  the  criteria  for  the  laser  exposures  on  oral 
mucosa [25]. It is thus critical to perform laser safety evaluation. The 1230 nm laser power 
after the objective lens was around but slightly below 100 mW and the total exposure time of 
the  laser  light  for  1  volunteer  was  equal  to  or  slightly  less  than  30  minutes.  Our  study 
indicated  that  all  volunteers  felt  no  pain  nor  had  other  unpleasant  feeling  (for  example, 
stinking sensation) during and after the experiments. In order to confirm the non-invasiveness 
of the studied virtual biopsy system, the observed site was examined by a physician after in 
vivo observation immediately to check for tissue damage, clinical adverse signs and symptoms 
such as itching, pain, changes in color and texture of the mucosa, local swelling, presence of 
blister or ulceration. None of these oral mucosa changes can be found on the observed cites. 
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3.1. In Vivo Optical Virtual Biopsy of Human Oral Mucosa 
THG was reported to provide image contrast for cell membrane [14,26–28] and laminated 
organelles  [16],  thus  the  morphology  of  mucous  cells  can  be  revealed.  Healthy  mucous 
membrane of oral mucosa consists of non-keratinized stratified squamous epithelium and the 
underlying lamina propria [29]. The epithelial cells increase in size as they migrate from the 
basal layer upward toward the superficial layer [29]. The different cell morphology and sizes 
can be visualized clearly in the various optical tissue sections provided by the in vivo epi-THG  
 
Fig.  2.  Harmonic  generation  images  of  normal  oral  mucosa  tissue  in  one  healthy  human 
subject. The horizontal section images are serial sections beginning at the top surface of the 
mucosa and progressing deeper into the tissue. The purple color represents THG signals and 
the green color indicates SHG signals. (a) The superficial epithelial cell layer at a depth of 25 
 m; (b) the deeper superficial epithelial cell layer at a depth of 40  m; (c) the intermediate 
epithelial cell layer at a depth of 90  m; (d) the basal cell layer and the adjacent collagen fibers 
at a depth of 190  m; (e) the collagen fibers and the erythrocytes (arrowheads) in the lamina 
propria with blood flow at a depth of 220  m; (f) collagen fibers in the deeper lamina propria at 
a depth of 250  m. (Scale bar: 20  m). 
images (presented by purple pseudocolor) from the depth of 25  m to 250  m, as exampled in 
Fig.  2(a)–2(f). The  nuclei  in  the  superficial  cell  layer  were  clearly  visible  as THG-bright 
structures  [Fig.  2(a),  2(b)  (arrowheads)],  but  on  the  contrary  the  nuclei  were  THG-dark 
structures within basal cells [Fig. 2(d) (arrowheads)]. In normal epithelial differentiation, the 
superficial epithelial cells present in a large flatten shape compared to those in the deep basal 
layer [30]. Thus, we supposed that the difference in the THG nucleus contrast may arise from 
the thickness difference of the cell nuclei. The detailed discussion about the relation between 
THG contrasts and thickness of cell nucleus will be given in a later section. Different from 
THG, SHG is known to provide high contrast for collagen fibers [31,32], which is abundant in 
lamina propria. Basal cells close to the lamina propria can be observed with THG contrast in 
adjacent to collagen fibers with bright SHG contrast [Fig. 2(d)]. The lamina propria could be 
further divided into two histological layers: the papillary layer and the reticular layer. The 
collagen fibers are thinner and more loosely organized in the superficial papillary layer than 
those in the reticular layer. This phenomenon could be observed in the in vivo SHG images 
[Fig.  2(e)  and  Fig.  2(f)].  THG  contrasts  inside  lamina  propria  revealed  the  moving 
erythrocytes in the capillary [18,19,33] due to the THG contrast on oxy-hemoglobin [34], as 
shown in Fig. 2(e) (arrowhead), which enables real-time observation of the capillary blood 
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been shown to be significant in the evaluation of oral lesions [35]. With a sub-micron spatial 
resolution, we were thus able to provide accurate nuclear-cytoplasmic (NC) ratio analysis, 
which  is  an  important  index  for  malignant  transformation  to  specify  the  morphological 
changes of the epithelial cells [36]. Following our previous analysis protocol [18], the area of 
the whole cell and nucleus can be defined using the high-resolution THG contrast as shown 
with dashed and solid lines in Fig. 3(a), respectively. Thus, subtracting area of the nucleus 
from area of the whole cell, the 2D area of cytoplasm can be obtained. By analyzing the 2D 
areas with a previous proposed protocol [18], the 3-D volume analysis can thus be obtained. 
For each volunteer, at least 30 epi-THG-imaged cells have been analyzed while the quality of 
the  chosen  images  should  allow  at  least  5  cells  clearly-identifiable.  The  NC  ratio  of  the 
volunteer was then obtained by the total summation of nuclei area from all chosen frames 
divided by that of cytoplasm area. Thus analyzed NC ratios in the superficial and the basal 
cell  layers  for  five  volunteers  are  summarized  in  Fig.  3(b).  The  average  values  of  thus 
analyzed NC ratios in the superficial and basal cell layers for five volunteers are 0.051 ± 0.006 
and  0.392  ± 0.045,  respectively.  Our  reported  NC  ratios  are  in  good  agreement  with  the 
previously reported electron microscopic analysis for the superficial epithelium (0.045 ± 0.02) 
and for the basal epithelium (0.40 ± 0.14) [37], while previous quantitative analysis required 
the removal of the oral mucous tissues. Since all volunteers are healthy Asian female and they 
are aged 22-28 years, the deviation of NC ratio between patients may thus be due to individual 
differences. In this study, we do not provide the NC ratio analysis on sex, age, ethnicity, and 
diseased  states.  In  order  to  differentiate  normal  and  the  diseased  state  with  the  NC  ratio 
provided by our demonstrated HGM technique, more clinical research should be conducted in 
order to define the cut-off value. With the capability to noninvasively obtain the NC ratio and 
with a low deviation on the analyzed data, this study indicates a high potential of HGM to 
differentiate the diseased states. 
 
Fig. 3. (a) Sample THG image for NC ratio analysis. The areas of cells and nuclei were defined 
with  dashed  and  solid  lines,  respectively.  (b)  The  nucleus-cytoplasmic  (NC)  ratio  in  the 
superficial and the basal cell layers from five volunteers. The average values of thus analyzed 
NC ratios in the superficial and basal cell layers for five volunteers are 0.051 ± 0.006 and 0.392 
± 0.045, respectively. 
3.2. Resolution Analysis 
To analyze thus obtained image resolution, twenty independent measurements were acquired 
for the analysis. In Fig. 4(a), the spatial intensity distribution across the collagen fibers [Fig. 
4(b)  (arrowhead)]  and  epithelial  cell  membranes  [Fig.  4(c)  (arrowhead)]  were  fitted  with 
Gaussian curves to analyze the lateral resolutions of SHG and THG images, respectively. 
Figure 4(d) summarizes thus analyzed SHG and THG lateral resolution versus depth in the 
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study [18], our result suggested that HGM could provide sub-500-nm lateral resolution within 
270  m depth of human oral mucosa. With the same objective and the same laser wavelength, 
our achieved lateral resolution in human oral mucosa was found to be much better than that in 
human skin [19,38,39]. For example, in the same depth of 200  m, the resolutions of THG are 
428  m in oral mucosa but are 620  m in skin [19]. The outermost layer of the human skin is 
the  stratum  corneum,  which  is  keratinized  stratified  squamous  epithelium,  while  the  oral 
mucosa consists of non-keratinized stratified squamous epithelium. A significant correlation 
between skin roughness and stratum corneum has been observed [40], and the distortion of the 
point spread function in the human skin has also been reported [39]. This study also suggests 
that the keratinized stratum corneum would induce the distortion of the point spread function 
in human skin and degrade the HGM resolution. Without the keratinized stratum corneum, the 
HGM resolution in oral mucosa is thus relatively improved. Our study thus indicates a great 
potential of the HGM system for the mucous tissue diagnosis due to the higher penetration 
and improved resolution. 
 
Fig. 4. The lateral resolution of HGM images in human oral mucosa. (a) The spatial intensity 
distribution of SHG or THG was fitted by a Gaussian curve. We analyzed the resolutions of 
SHG  and  THG  images  by  using  (b)  collagen  fibers  (arrowhead)  for  SHG  and  (c)  cell 
membranes (arrowhead) for THG. (d) THG (solid squares) and SHG (solid triangles) lateral 
resolution versus depth in epithelium and lamina propria are summarized. (Scale bar: 20  m) 
3.3. Thickness-Dependence THG Intensity of Epithelial Cell Nucleus 
Figure 2(a) and 2(d) show typical epi-THG images obtained in the superficial layer and the 
basal layer in the oral cavity. Significant difference can be observed on the THG contrast on 
cell nuclei. In the superficial layer, cell nuclei appear THG bright (white arrow), while in the 
basal layer, cell nuclei appear THG-dark (yellow arrow). To investigate the main physical 
mechanism behind this interesting contrast change, we followed the similar approaches of 
Schins  et  al.  [20]  to  numerically  simulate  the  thickness-  and  χ
(3)-dependency  of  THG 
intensities  of  cell  nuclei.  In  this  simulation,  we  considered  a  focused  Gaussian  beam 
propagating through an isolated nucleus (with a shape of a flat disk facing the incoming beam) 
in cytoplasm in z direction, and the position z = 0 was set in the middle of the nucleus as 
shown in Fig. 5(a). The refractive indices in the simulation were 1.374 in cytoplasm and 1.423 
in nucleus [41]. Concerning the 1.23  m laser wavelength, the confocal parameter of the laser 
beam  can  be  derived  from  the  THG  lateral  resolution  and  the  related  resolution  formula 
[20,39] is about 0.90  m, and beam waist is 0.42  m . We considered that the nucleus lateral 
size was much larger than the beam waist so that we neglected the inhomogeneity in the x-y 
plane. We also assumed that the nucleus is homogeneous inside and the susceptibility of the 
nucleus is uniform. We studied three conditions. First, the third-order susceptibility of the 
nucleus (χ
(3)
nucl) is equal to the third-order susceptibility of the cytoplasm (χ
(3)
cyto). Second, 
χ
(3)
nucl is much greater than χ
(3)
cyto. Third, χ
(3)
nucl is much smaller than χ
(3)
cyto. With the light 
propagation direction defined as the z-direction, and we numerically altered the laser beam 
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obtained THG intensity versus beam focusing position with different nuclear thicknesses are 
summarized in Fig. 5(b), assuming χ
(3)
nucl = χ
(3)
cyto. Taking the nuclear with thickness of 9  m 
for example, two THG peaks can be obtained when the laser beam was focused near the 
nuclear boundaries (at the positions of 5 and −5  m relative to the center of the cell nucleus), 
and the THG was found to be extremely weak when focused in the middle of the nucleus. On 
the contrary, there was only one centralized THG peak when the nuclear thickness is less than 
3  m. Therefore, the numerical calculation result  most likely corresponds to the different 
THG contrasts of cell nuclei observed in the superficial and in the basal cell layer. In this 
study, we also utilized the tissue specimens to confirm the thicknesses of different nuclei. The 
oral specimens including  normal and cancerous  tissues  were surgically removed  from the 
patients  with  oral  cancer.  The  Ethics  Committee  of  National  Taiwan  University  Hospital 
approved the study and the patient provided written informed consent. Figure 5(c) is the H&E 
stained  transverse  histological  image  of  normal  human  oral  mucosa.  By  analyzing  the 
histological image, the thicknesses of the cell nuclei in the superficial cell layer (white arrow) 
and the deeper epithelial cell layer (yellow arrow) are 3.36 ± 0.94  m and 9.03 ± 0.71  m, 
respectively. The histological and simulation results support our finding that the nucleus THG 
contrast was strongly influenced by the nucleus thickness and explain our observation that cell 
nuclei appeared THG bright in the superficial and intermediate layer, but THG-dark in the 
basal layer. This is because when we scanned in the lateral center of the cell nucleus, the focus 
will also be located in the axial center of the cell nucleus, while the interesting THG phase 
matching behavior under the tightly focused Gaussian beam play a role. 
 
Fig. 5. (a) A diagram of the laser beam focusing in a cell. The position z = 0 is set in the middle 
of the cell nucleus and the third-order susceptibility of the nucleus is equal to the susceptibility 
of the cytoplasm. (b) Numerical simulations of THG intensities versus beam focusing position 
z with different thickness of the cell nucleus (L). (c) Transverse histological image of human 
oral mucosa. The thicknesses of cell nuclei in the superficial cell layer (white arrow) and the 
deeper epithelial cell layer (yellow arrow) are 3.36 ± 0.94  m and 9.03 ± 0.71  m, respectively. 
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Fig. 6. Numerical simulations of THG intensities as a function of beam focusing position z 
with different third-order susceptibility conditions, including χ
(3)
cyto = 0 (red line), χ
(3)
uncl = 0 
(blue line), and χ
(3)
uncl = χ
(3)
cyto (black line). THG intensities with the nucleus thicknesses of (a) 
9  m, (b) 5  m, (c) 3  m, and (d) 1 m. 
Since there is no literature value of χ
(3)
nucl and χ
(3)
cyto, to study the effect of the relative 
value between χ
(3)
nucl and χ
(3)
cyto, we simulated the THG intensity profiles with different third-
order susceptibility conditions, including χ
(3)
cyto = 0 (red line), χ
(3)
nucl = 0 (blue line), and χ
(3)
nucl 
= χ
(3)
cyto (black line), shown in Fig. 6. The THG intensities in these three cases have general 
likeness  as  varying  the  thicknesses  of  the  nucleus.  These  results  indicated  that  the  THG 
contrasts on epithelial nuclei are strongly influenced by the nucleus thicknesses relative to the 
excitation  beam  confocal  parameter,  almost  independent  of  the  relative  nonlinear 
susceptibility value, of the cell nuclei. It is also interesting to notice that the simulation result 
was based on a forward propagation condition, suggesting that our epi-collected THG images 
from nucleus were partially contributed from backscattered forward THG signals. 
3.4. Applying Acetic Acid as a THG Contrast Agent 
Previous studies [11,42,43] demonstrated that acetic acid could serve as a THG contrast agent 
for imaging cell nucleus. We applied 4% acetic acid before imaging the oral mucosa to study 
the enhancement of THG contrast between nucleus and cytoplasm. Before applying acetic 
acid, the specific in vivo THG images of oral mucosa in the intermediate epithelial cell layer 
show a relative low contrast difference between nuclei and cytoplasm [Fig. 7(a)] due to the 
fact that they both generate equal amount of THG signals. Five minutes after applying the 
acetic  acid,  the  nuclear  contrast  of  the  epithelial  cells  improved  significantly  in  the 
intermediate epithelial layer as presented in the Fig. 7(b), attributed to the modification of the 
refractive index inside the cell nucleus [43], thus breaking the balance between the generated 
THG intensities from cytoplasm and nucleus. However, twenty minutes after applying the 
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attributed to the metabolic clearance of the contrast enhancer in human oral mucosa. We used 
the  nuclear-membrane  (NM)  ratio  to  indicate  the  relative  THG  intensity  of  the  nuclei  at 
different stages before and after applying acetic acid [Fig. 7(d)]. The values of the NM ratio 
before, after five and after twenty minutes of acetic acid application are 1.001 ± 0.239, 1.583 
± 0.148 and 1.209 ± 0.148, respectively. The results revealed that acetic acid could serve as a 
THG nucleus contrast enhancer in human oral epithelium. It is important to notice that after 
adding acetic acid in epithelium the nuclei will have extra nucleic acid and there will be 
additional nucleoprotein within the nucleus and cytoplasm, as indicated in previous studies 
[44]. This effect will change the NC ratio of epithelial cells. We have also analyzed the NC 
ratio in the superficial layer for the volunteer 10 minutes after applying the acetic acid. A 
much increased NC ratio of 0.094 can be obtained. Even though applying the acetic acid will 
change the result of the NC ratio analysis, however, applying acetic acid on oral mucosa can 
reveal the THG images of the nucleus in the intermediate layer. It implies that we can get 
more information in oral epithelium after applying acetic acid and it is thus helpful for clinical 
diagnosis, even though more studies on the changes of NC ratio affected by acetic acid, on 
both normal and diseased states, should be conducted to evaluate its potential for accurate 
diagnosis. 
 
Fig. 7. Comparison of in vivo THG images of human oral epithelium in the same epithelial 
layer, (a) before, (b) 5 minutes after, and (c) 20 minutes after applying acetic acid. (d) The 
values of nucleus-to-membrane (NM) ratio were summarized. (Scale bar: 20  m) 
4. Conclusion 
In this paper, we demonstrated the in vivo optical virtual biopsy of human oral mucosa by 
using epi-HGM with a modified microscope. Epi-HGM is applied to five volunteers’ oral 
cavity, and no visible damage was found after continuous observation for 30 min. Epi-HGM 
provided in vivo images in human oral mucosa, including epithelium and lamina propria with 
a high penetration depth greater than 280  m. The lateral resolution can be better than 500 nm 
and 600 nm for THG and SHG microscopy, respectively. By analyzing the epi-THG contrasts 
on nucleus and using a numerical simulation, we found that the epi-THG contrast on nucleus 
depends  strongly  on  its  thicknesses,  and  is  almost  independent  of  the  relative  nonlinear 
susceptibility value, of the cell nuclei. The capability of epi-THG modality to resolve the 
shapes, distribution, and sizes of human oral epithelial cells in superficial and basal cell layers 
#145278 - $15.00 USD  Received 7 Apr 2011; revised 16 Jul 2011; accepted 20 Jul 2011; published 21 Jul 2011
(C) 2011 OSA 1 August 2011 / Vol. 2, No. 8 / BIOMEDICAL OPTICS EXPRESS  2327can provide the accurate NC ratio without removing tissues. With the unique capability to 
specify the morphological changes of the epithelial cells, epi-THG microscopy is with a high 
potential for diagnosing the  abnormality of oral mucosa  or even precancerous and cancer 
lesions. 
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